While the molecular basis of fusion (F) protein refolding during membrane fusion has been studied extensively in vitro, little is known about the biological significance of membrane fusion activity in parainfluenza virus replication and pathogenesis in vivo. Two recombinant Sendai viruses, F-L179V and F-K180Q, were generated that contain F protein mutations in the heptad repeat A region of the ectodomain, a region of the protein known to regulate F protein activation. In vitro, the F-L179V virus caused increased syncytium formation (cell-cell membrane fusion) yet had a rate of replication and levels of F protein expression and cleavage similar to wild-type virus. The F-K180Q virus had a reduced replication rate along with reduced levels of F protein expression, cleavage, and fusogenicity. In DBA/2 mice, the hyperfusogenic F-L179V virus induced greater morbidity and mortality than wild-type virus, while the attenuated F-K180Q virus was much less pathogenic. During the first week of infection, virus replication and inflammation in the lungs were similar for wild-type and F-L179V viruses. After approximately 1 week of infection, the clearance of F-L179V virus was delayed, and more extensive interstitial inflammation and necrosis were observed in the lungs, affecting entire lobes of the lungs and having significantly greater numbers of syncytial cell masses in alveolar spaces on day 10. On the other hand, the slower-growing F-K180Q virus caused much less extensive inflammation than wild-type virus, presumably due to its reduced replication rate, and did not cause observable syncytium formation in the lungs. Overall, the results show that residues in the heptad repeat A region of the F protein modulate the virulence of Sendai virus in mice by influencing both the spread and clearance of the virus and the extent and severity of inflammation. An understanding of how the F protein contributes to infection and inflammation in vivo may assist in the development of antiviral therapies against respiratory paramyxoviruses.
Sendai virus (SeV), a murine parainfluenza virus (PIV), belongs to the genus Respirovirus within the family Paramyxoviridae (33) . Sendai virus is the murine counterpart of human parainfluenza virus 1 (HPIV1), and these two viruses share high sequence homology and antigenic cross-reactivity (23, 38, 58) . Both Sendai virus and HPIV1 cause respiratory diseases in their hosts that range from mild to severe, with the greatest morbidity and mortality occurring in immunocompromised hosts (3, 17) . In pediatric medicine, HPIV1 is an important cause of bronchiolitis, pneumonia, and laryngotracheobronchitis, or croup (11) . Other members of the genus Respirovirus include human and bovine forms of PIV3 (30) .
Like other paramyxoviruses, Sendai virus is an enveloped, nonsegmented, negative-strand RNA virus that invades host cells by fusion (F) protein-mediated membrane fusion at the plasma membrane (33) . The receptor binding protein for Sendai virus, as well as the other parainfluenza viruses, is the hemagglutinin-neuraminidase (HN) protein. During viral entry, the HN protein binds sialic acid-containing receptors on the surfaces of host cells and then triggers the F protein to refold and cause membrane fusion (34, 40) . Paramyxovirus replication occurs in the cytoplasm of infected cells, where the viral nucleocapsid is formed by the encapsidation of the viral genome with the viral nucleoprotein (N), phosphoprotein (P), and the large RNA-dependent RNA-polymerase (L) protein (33) . The assembly and budding of infectious parainfluenza virions from the plasma membrane are mediated largely by the matrix (M) protein, which interacts with the viral nucleocapsid and the cytoplasmic tails of the HN and F proteins (56, 63) .
The paramyxovirus F protein mediates both virus-cell fusion and cell-cell fusion. Similar to other class I viral fusion proteins, paramyxovirus F proteins are expressed on the surfaces of infected cells and virions as trimers that are trapped in metastable (high energy) conformations (29, 54, 71, 73) . In order to become activated for membrane fusion, uncleaved F 0 precursor protein trimers must be cleaved into a fusion-capable complex formed by F 1 and F 2 subunits (55) . Field isolates of Sendai virus that have a monobasic cleavage site are cleavage activated by tryptase Clara secreted from respiratory epithelial cells (32, 69) while the pantropic F1-R laboratory isolate of Sendai virus has a mutated cleavage site and is cleaved by more ubiquitously expressed proteases (41, 67) . Paramyxovirus F proteins have several regions involved in F protein conformational changes during membrane fusion: a hydrophobic fusion peptide, two 4-3 heptad repeat regions (designated heptad repeat A [HRA] and HRB), a transmembrane domain, and a cytoplasmic tail. The prefusion form of the PIV5 F 0 protein has a mushroom-like shape formed by a large globular head attached to a rod-like stalk formed by the HRB region (76) . Upon triggering by the HN protein, the HRB region dissociates, the HRA region springs into a coiled coil, and the fusion peptide is inserted into the target membrane (52) . Membrane fusion is catalyzed by the formation of a coiled-coil hairpin structure (2, 7, 75, 78) , formed by the HRA and HRB regions, that juxtaposes the membrane-interacting fusion peptide and transmembrane domains (52) . We recently performed a mutational analysis on a 10-residue sequence in the HRA region of the Sendai virus F protein (37) that forms a ␤-strandturn-␣-helix structure in the prefusion conformation and part of a triple-stranded coiled coil in the hairpin conformation (75, 76) . The mutated residues were found to play important roles in regulating the activation and membrane fusion activity of the Sendai virus F protein, showing that F protein refolding is regulated by residues that undergo dramatic changes in secondary and tertiary structure between the prefusion and hairpin conformations.
Upon triggering by the HN protein, cell surface-expressed F protein trimers mediate cell-cell fusion (syncytium formation) and extend infection in a local area (55) . In nonpolarized epithelial cells, virus-induced syncytium formation has long been considered a hallmark of in vitro cytopathogenesis by respiratory paramyxoviruses. However, many questions remain regarding the extent of envelope glycoprotein expression, parainfluenza virus budding, and syncytium formation at the basolateral surfaces of polarized cells (4, 77) . In an in vitro model of human airway epithelium (HAE), HPIV3 has been shown to infect ciliated epithelial cells exclusively, predominantly at the apical surface, causing little virus-mediated cytopathology, no spread of the virus beyond ciliated cells, and no syncytium formation (77) . As the HAE model lacks innate and adaptive immune cells, this model would not reveal the formation of syncytia involving all cell types in the respiratory tract that are present during infection, including those that play a role in the host response to infection. In immunocompetent mice, the replication of field isolates of Sendai virus is restricted to the respiratory tract, and progeny virions bud from the apical surfaces of polarized epithelial cells (68) . While syncytial cell formation in the bronchiolar epithelia of mice infected with Sendai virus has been reported previously (28) , the timing of giant cell formation and its contribution to the spread of the virus and the disease it induces in the respiratory tract remain unknown.
To test the hypothesis that the fusogenicity of the F protein contributes to the pathogenicity of Sendai virus in mice, the natural host of this virus, we generated two recombinant Sendai viruses containing F protein mutations in the heptad repeat A region that were found previously to either increase or decrease its fusogenic activity when the F protein was expressed from plasmid DNA constructs (37) . In the present study, the effects of the F protein mutations on virus replication, F protein expression, F protein cleavage, and syncytium formation were characterized in vitro. The hyperfusogenic F-L179V virus was found to induce greater morbidity and mortality in DBA/2 mice than wild-type virus, whereas the hypofusogenic and attenuated F-K180Q virus was found to be much less pathogenic. After 1 week of infection, the F-L179V virus induced more extensive interstitial inflammation and necrosis in the lungs than the wild-type virus, including a greater number of syncytial cell masses. On the other hand, the attenuated F-K180Q virus caused much less extensive inflammation than wild-type virus and did not cause observable syncytium formation in the lungs. A comparison of 50% minimal lethal dose (MLD 50 ) values, lung titers, and histopathologic changes reveals a correlation between the membrane fusion activity of the F protein and the virulence of Sendai virus in mice.
MATERIALS AND METHODS
Cell culture. Monolayer cultures of Vero cells (ATCC CCL-81) and BHK-21 (ATCC CCL-10) and LLC-MK2 (ATTC CCL-7) cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% glutamine, and 1% penicillin. BHK-21 cells were also supplemented with 10% tryptose phosphate broth.
Recombinant viruses. Recombinant Sendai viruses (rSeVs) of the Enders strain were rescued by reverse genetics (62) . Briefly, monolayers of Vero cells in 10-cm dishes were infected with UV-inactivated recombinant vaccinia virus vTF7.3 (that expresses T7 RNA polymerase) (20) for 1 h at 37°C at a multiplicity of infection (MOI) of 1 PFU per cell. Cells were then cotransfected with 9 g of the genomic plasmid pSeV (wild type or mutant) and the supporting plasmids pTF1-SV-NP (5.4 g), pTF1-SV-P (2.9 g), and pTF1-SV-L (0.4 g) that express the nucleoprotein (NP), P, and L genes of Sendai virus, respectively, in the presence of Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells were maintained for approximately 40 h on DMEM supplemented with 10% FBS and 1% glutamine. Cells were then suspended in phosphate-buffered saline (PBS) and lysed by freeze-thaw cycles. Lysates (0.1 ml) were inoculated into 10-day-old embryonated eggs, and allantoic fluid was harvested 72 h later. After three passages in eggs, the recovered viruses were plaque purified in LLC-MK2 cells, and a clone of each recombinant Sendai virus was amplified in embryonated eggs and subsequently used as a working stock. Reverse transcription-PCR (RT-PCR) was performed on each virus, and the resulting DNA sequences were confirmed to contain no additional mutations in the entire genomes by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children's Research Hospital.
In vitro infection of recombinant Sendai viruses to characterize F protein expression and processing. Monolayers of LLC-MK2 cells at 100% confluence were infected with recombinant Sendai viruses (wild type or mutant) at an MOI of 5 PFU/cell in PBS containing 0.1% gentamicin. Plates were tilted every 10 min while the virus was allowed to be adsorbed for 1 h at 37°C (in 5% CO 2 ). The supernatant was then aspirated, and DMEM was added. The infected cells were incubated overnight at 33°C (5% CO 2 ) and then treated as described below for each experiment.
Radioimmunoprecipitation. LLC-MK2 cells infected with recombinant virus (wild type or mutant) were maintained in culture for 30 min in methionine-and cysteine-free (Met 3). The cells were then washed once with PBSϩ (PBS containing calcium and magnesium at 0.1 g/liter) and chased with 3 ml of DMEM (2 mM Met, 2 mM Cys, 20 mM HEPES buffer, pH 7.3) for 180 min. Samples were lysed with ice-cold radioimmunoprecipitation assay (RIPA) buffer (44) containing one Complete protease inhibitor tablet (Roche). Lysate was spun at 67,000 ϫ g in an Optima TLX ultracentrifuge (Beckman Coulter). Supernatant was incubated overnight (18 to 22 h) at 4°C with 5 l of a mouse monoclonal antibody that binds the cytoplasmic tail of the Sendai virus F protein (37) at a dilution of 1:200. Immune complexes were adsorbed to protein G-Sepharose 4 Fast Flow (GE Healthcare) for 1 h at 4°C. Samples were washed three times with RIPA buffer containing 0.3 M NaCl, three times with RIPA buffer containing 0.15 M NaCl, and once with 50 mM Tris buffer (0.25 mM EDTA, 0.15 M NaCl, pH 7.4). The samples were resuspended in 50 l of sample dye buffer containing 200 mM Tris, 8% SDS, 0.2% bromophenol blue, 40% glycerol, and 12% ␤-mercaptoethanol. The samples were then boiled for 5 min, centrifuged at high speed for 1 min, and fractionated on 12% NuPAGE Bis-Tris polyacrylamide-SDS gels (Invitrogen). Protein bands were visualized using a Typhoon 9200 PhosphorImager (GE Healthcare) and quantified using ImageQuant, version 5. 7.4) , the samples were resuspended in 100 l of 50 mM Tris buffer (0.5% SDS, pH 7.4), boiled for 5 min, and centrifuged at high speed for 1 min. The supernatants were split into two 50-l fractions. One fraction was saved for direct loading onto the SDS-polyacrylamide gel. The other fraction was diluted to 1 ml with streptavidin buffer (20 mM Tris, 0.15 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.2% bovine serum albumin, pH 8) and incubated with streptavidin-agarose overnight at 4°C. The samples were washed as described above for radioimmunoprecipitation, resuspended in SDS-PAGE sample buffer containing 12% ␤-mercaptoethanol, and fractionated on SDS-12% polyacrylamide gels. The F 0 bands were visualized and quantified as described above. Syncytium assay of membrane fusion. At 24 h postinfection, TPCK-treated trypsin (2.5 g/l; Sigma) was added for 1 hour to activate the F protein. A second treatment with trypsin (2.5 g/l; Sigma) was performed 12 h later, and the infected cells were incubated in fresh medium for an additional 12 h at 37°C. Cells were then fixed and stained with Hema 3 solution (Fisher) according to the manufacturer's instructions. Representative microscopic fields were captured with a Nikon D70 digital camera attached to a Nikon eclipse TS100 inverted microscope.
Single-step and multiple-step growth curves. Monolayers of LLC-MK2 cells in 24-well dishes (100% confluence) were washed with PBSϩ and then infected with 0.1 ml of recombinant virus (wild type or mutant) at an MOI of 5 PFU/cell (single step) or 0.01 PFU/cell (multiple step) suspended in PBSϩ. One hour after infection at room temperature, the virus was aspirated, and the cells were washed with PBSϩ. Subsequently, 1 ml of DMEM supplemented with 10% FBS and 1% glutamine was added to the cells, and the cells were incubated at 33°C (5% CO 2 ). For single-step growth curves, supernatants were collected every 6 h for 36 h. For multiple-step growth curves, supernatants were collected every 12 h for 4 days.
Aliquots of supernatants were stored at Ϫ80°C until viral titers were determined by plaque assay (see below).
Plaque assay. Stocks of recombinant virus (wild type or mutant) or supernatants from growth curves were serially diluted with PBSϩ supplemented with 0.1% gentamicin. Monolayers of LLC-MK2 cells in six-well dishes (100% confluence) were washed with PBSϩ and then infected with 0.25 ml of diluted virus for 1 h at room temperature. Cell supernatants were aspirated, and the infected cells were overlaid with minimal essential medium (MEM) supplemented with 0.45% bicarbonate solution, 1% MEM amino acids, 1% MEM vitamins, 8 mM L-alanyl-L-glutamine (GlutaMax, Invitrogen), 0.1% gentamicin, 0.9% agar, and trypsin at 0.002 mg/ml final concentration. After incubation at 33°C (5% CO 2 ) for 4 to 7 days, a second overlay was performed using MEM supplemented in the absence of trypsin with 0.45% bicarbonate solution, 1% MEM amino acids, 1% MEM vitamins, 8 mM L-alanyl-L-glutamine (GlutaMax, Invitrogen), 0.1% gentamicin, 20% FBS, 0.0035% neutral red, and 0.9% agar. Cells were incubated at 33°C (5% CO 2 ) for 1 to 2 days.
Morbidity and mortality. Groups of 10 8-to 10-week-old female DBA/2 mice (Jackson Laboratories, Bar Harbor, ME) were infected intranasally with 50 l of sterile PBS containing recombinant Sendai virus (wild type or F protein mutant). Control mice received PBS only. All experiments were done under general anesthesia with inhaled 2.5% isoflurane (Baxter Healthcare Corp., Deerfield, IL). Mice were monitored for weight loss and survival for 21 days. The ReedMuench method was used to calculate MLD 50 values (49) . Weight changes were calculated for each mouse as a percentage of its weight on day 0 before virus infection. All animal studies were performed in a biosafety level 2 ϩ facility in the Animal Resource Center at St. Jude Children's Research Hospital and were approved by the Animal Care and Use Committee at the same institution.
Virus titers in lung. Groups of 10 8-to 10-week-old female DBA/2 mice (Jackson Laboratories, Bar Harbor, ME) were infected intranasally with 50 l of sterile PBS containing 5,000 PFU of virus, a dose at which wild-type virus induces weight loss but little mortality while the F-L179V virus induces greater than 50% mortality. Control mice received PBS only. All experiments were done under general anesthesia with inhaled 2.5% isoflurane (Baxter Healthcare Corp., Deerfield, IL). Three mice from each group were sacrificed at days 1, 3, 5, 7, and 9 postinfection. Lungs were removed under sterile conditions, washed with PBS, homogenized, and suspended in a final volume of 1 ml of PBS. Lung homogenates were clarified by centrifugation at 2,000 ϫ g for 10 min at 4°C. Virus titers were obtained by plating serial dilutions in six-well plates with confluent LLC-MK2 cells and performing plaque assays as described above.
Histopathology. Female DBA/2 mice 8 to 10 weeks old (Jackson Laboratories, Bar Harbor, ME) were infected intranasally with 50 l of sterile PBS containing 5,000 PFU of virus, the same dose of virus for which lung titers of virus were measured. Control mice received PBS only. All experiments were done under general anesthesia with inhaled 2.5% isoflurane (Baxter Healthcare Corp., Deerfield, IL). Three mice from each group were sacrificed at days 4, 6, 8, and 10 postinfection. Lungs and trachea were removed and fixed in 10% neutral buffered formalin for 24 h. The organs were then embedded in paraffin, sectioned, stained with hematoxylin and eosin, and examined for histopathological changes under the microscope by an expert animal pathologist who was blinded to the composition of the animal groups. The organs were examined for evidence of syncytium formation, inflammation, obstruction of airways, cell infiltration, tissue damage, and interstitial pneumonia.
RESULTS

Replication kinetics of recombinant Sendai viruses that contain mutations in the HRA region of the F protein.
To study the role of the F protein in virus replication and pathogenesis, we rescued recombinant Sendai viruses that contained L179V and K180Q mutations in the HRA region of the F protein. The F-L179V mutation was previously found to increase the membrane fusion activity of plasmid-expressed F protein in syncytium formation, luciferase reporter gene, and dye transfer assays, and the F-K180Q mutation was previously found to decrease F protein expression and membrane fusion activity (37) . Wild-type and mutant viruses (Enders strain) were generated by reverse genetics (62), plaque purified, and confirmed to contain no unintended mutations by RT-PCR and DNA sequencing.
To determine if the in vitro replication kinetics of the recombinant Sendai viruses were altered by the F protein mutations, single-step and multiple-step growth curves were performed using LLC-MK2 cells infected with 5 and 0.01 PFU/ cell, respectively. The single-step growth curve showed that wild-type Sendai virus grew to a peak titer greater than 7 log 10 PFU/ml by 30 h postinfection (Fig. 1A) . At a high MOI, the mutant viruses replicated to titers similar to the titer of the wild-type virus by 36 h although titers of the F-K180Q virus were slightly reduced at the 24 and 30 h time points. In multiple-step growth curves (Fig. 1B) , wild-type and F-L179V viruses had statistically similar replication kinetics, with peak titers greater than 7 log 10 PFU/ml. The multiple-step growth curve for the F-K180Q virus was significantly lower (P Ͻ 0.05) and had a maximum titer reduced by more than 1 log 10 . Overall, the data show that the F-L179V virus had an in vitro replication rate similar to the wild-type virus while the F-K180Q virus had a reduced replication rate.
Expression and cleavage of Sendai virus F proteins.
To measure how the mutations affected the expression and cleavage of the F protein, LLC-MK2 cells were infected at an MOI of 5 PFU/cell. Cell surface expression was measured by biotinylation and flow cytometry experiments (Fig. 2A ). The cell surface expression level of F-L179V was similar to that of the wild-type virus, whereas that of F-K180Q was reduced to ϳ80% of the wild-type level. To measure the extent to which the F 0 proteins were cleaved into fusion-capable F 1 -F 2 complexes, the F proteins were treated with exogenous trypsin and radioimmunoprecipitated (Fig. 2B) . Both wild-type and L179V F proteins were cleaved at a level of 67%, while the cleavage percentage of F-K180Q was reduced to 53%. Thus, the F-K180Q mutation resulted in ϳ20% reductions in both cell surface expression and cleavage compared to the wild-type F protein.
F protein fusogenicity in vitro. To examine how the mutations affected the ability of the F protein to cause cell-to-cell membrane fusion in vitro, LLC-MK2 cells were infected at an MOI of 5 PFU/cell, and photomicrographs of syncytia were taken (Fig. 3) . Wild-type Sendai virus promoted extensive syncytium formation in the presence, but not the absence, of treatment with exogenous trypsin that is required for cleavage of the Sendai virus F protein into its active F 1 -F 2 form. Wildtype Sendai virus caused an average of 6 giant cells per microscopic field (Table 1) . Syncytium formation was more extensive in cells infected with the F-L179V virus (10 giant cells/field) and less extensive in cells infected with the F-K180Q virus (4 giant cells per field). Thus, in vitro the F-L179V virus had a hyperfusogenic phenotype despite having a replication rate similar to the wild-type virus while the F-K180Q virus had a hypofusogenic phenotype and slower replication kinetics.
The virulence of Sendai virus in mice is modulated by HRA residues in the F protein. To determine the titers of mutant and wild-type Sendai virus required for productive infection, groups of 10 female DBA/2 mice were inoculated intranasally (37) , and then split into fractions of total F protein and surface protein that were pulled down with streptavidin agarose. Samples were analyzed by SDS-PAGE under reducing conditions. The reported band intensities of the biotinylated F proteins were normalized to 100% intensity for the wild-type (wt) F protein.
For flow cytometry, virus-infected LLC-MK2 cells were detected using M16, a conformation-specific monoclonal antibody to the F protein ectodomain (47) . Mean fluorescence intensities were normalized to 100% surface expression for wild-type F protein. Error bars represent two standard deviations from triplicate experiments. (B) Cleavage of wild-type and mutant F proteins. Virus-infected LLC-MK2 cells were radiolabeled and chased for 3 h. During the last hour of the chase, TPCK-treated trypsin (5 g/ml) was added to allow cleavage of cell surface-expressed F protein. Wild-type and mutant F proteins were immunoprecipitated with the mouse anti-F protein cytoplasmic tail monoclonal antibody (37) and then analyzed by SDS-PAGE under reducing conditions. The percentages of cleaved F protein for wildtype, F-L179V, and F-K180Q were 67%, 67%, and 53%, respectively, and were calculated by dividing the F 1 band intensity by the total observed F protein band intensity (represented by F 0 ϩ F 1 , given that the F 2 protein is not observed in the assay).
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with virus titers ranging from 500 to 100,000 PFU, and the body weights and survival of animals were recorded for 21 days. The MLD 50 values for F-L179V, wild-type, and F-K180Q viruses were calculated to be 1 ϫ 10 3 , 3 ϫ 10 4 , and Ͼ1 ϫ 10 5 PFU, respectively (Table 1) . At each virus titer, the rank order of average weight loss and mortality was F-L179V Ͼ wild type Ͼ F-K180Q. For example, at a virus dosage of 5,000 PFU, the hyperfusogenic F-L179V virus caused greater weight loss than wild-type virus starting after 8 days of infection (Fig. 4A ) and induced 90% mortality, compared to 10% mortality for the wild-type virus (Fig. 4B) . On the other hand, at the same dosage of virus, the hypofusogenic F-K180Q virus did not cause mortality or weight loss compared to uninfected control mice. The data show that the hyperfusogenic F-L179V virus induces greater morbidity and mortality than the wild-type virus while the hypofusogenic and attenuated F-K180Q virus causes much less. To examine if the differences in pathogenicities of the viruses were due to virus dissemination outside of the respiratory tract or due to differences in virus replication rates in the lungs of mice, organs were collected from DBA/2 mice on days 1, 3, 5, 7, and 9 after intranasal infection. For all three viruses, no detectable virus titers were measured outside of the respiratory tract in the brain, liver, pancreas, spleen, kidney, or blood (Table 2 ). For wild-type virus, titers in the lungs reached a peak at day 5 postinfection before clearance of infectious virus was detected by day 9. The titers of F-L179V virus in the lungs of mice were similar to the titers of the wild type on days 1, 3, and 5 postinfection. However, clearance of F-L179V virus from the lungs of mice was delayed starting on day 7. Just as the F-K180Q virus was attenuated in vitro ( Fig. 1) , the F-K180Q virus also grew to lower titers in the lungs of mice and was cleared earlier than wild-type virus (Table 2) . Decreased replication by the F-K180Q virus in the lungs is most likely a major factor in the large reduction in morbidity and mortality induced by the mutant virus. None of the viruses recovered from the lungs had reversion or other unintended mutations. To examine how the F protein mutations affect histopathological changes induced by Sendai virus, DBA/2 mice were infected at a dosage of 5,000 PFU, and organs were harvested on days 4, 6, 8, and 10 postinfection. Spleen, liver, kidney, lymph node, brain, and heart tissue were indistinguishable between uninfected animals and animals infected with the wild-type, F-L179V, or F-K180Q Sendai virus. A lack of pathology in these tissues is consistent with the idea that Sendai virus infection is localized to the respiratory tract does not disseminate to these other tissues ( Table 2 ). All observable pathology in infected mice was restricted to the respiratory tract.
Pathology in the trachea was similar for animals infected with either wild-type or F-L179V virus (data not shown). On days 4 and 6 postinfection, mild hyperplasia, individual cell necrosis, and focal areas of attenuation were observed throughout the respiratory mucosa of the trachea. On day 4 postinfection, there was a large amount of exudate composed of neutrophils, macrophages, and mucous that often plugged the tracheal lumen. On day 6 postinfection, most of the exudate had been cleared. Infection by Sendai virus F-K180Q also caused mild hyperplasia on days 4 and 6 postinfection but induced very little exudate composed of neutrophils, macrophages, and mucous. After 8 and 10 days of infection by the wild-type, F-L179V, and F-K180Q Sendai viruses, the trachea of all infected mice appeared to recover fully.
Lung pathology in DBA mice increased progressively between days 4 and 10 after intranasal infection of wild-type Sendai virus (Fig. 5 and 6 ), as is consistent with previous reports (16, 28) . On days 4 to 10 postinfection, peribronchial infiltrates of neutrophils and macrophages were observed around medium and small airways (Fig. 6A) . The following pathological traits were first observed on day 6 postinfection: (i) in the medium airways transmigration of inflammatory cells across the mucosa was common; (ii) in terminal airways there was necrosis of the lining epithelium; and (iii) neutrophils, macrophages, mucous, and cell debris often filled the airway lumens. After 8 days of infection, additional symptoms of pulmonary disease included the following: (i) in the medium airways extensive necrosis of the respiratory epithelium was common; (ii) in terminal airways neutrophils (viable and degenerate), macrophages, mucous, and cell debris were observed to adhere to the mucosal surface or were sloughed into the lumen, filling alveolar spaces; (iii) necrosis of alveolar walls was observed in areas of the affected interstitium; and (iv) the mucosa in affected airways were also mildly hyperplastic. Pathology in lung tissue after 10 days of infection with wild-type Sendai virus also included the following: (i) in terminal airways the epithelium was necrotic and sloughed at focal points; (ii) extensive interstitial inflammation was characterized by alveoli filled with lymphocytes, neutrophils, necrotic cellular debris; (iii) occasional necrosis of alveolar walls was present; and (iv) syncytial cells filled many alveolar spaces and were accompanied by lymphocytes, plasma cells, neutrophils, and macrophages.
On days 4 and 6 postinfection, the sizes and number of areas with extensive inflammation and necrosis induced by wild-type and F-L179V virus were similar (Fig. 5A) . However, starting on day 8 postinfection, inflammation and necrosis induced by the F-L179V virus were much more extensively disseminated throughout the lungs while inflammation induced by wild-type virus was confined to focal areas. For both the wild-type virus and F-L179V, syncytial cells were focally prominent in alveoli after 10 days of infection but not at day 8 or earlier (Fig. 6B) . The number of prominent focal points with masses of syncytia were much greater in the lungs of mice infected with F-L179V virus than in mice infected with wild-type virus (Table 1) . Thus, in addition to causing more widespread inflammation in the lungs after 8 days of infection, the hyperfusogenic F-L179V virus also caused an increase in the number of syncytial masses in alveoli after 10 days of infection. In contrast, infection with the hypofusogenic F-K180Q virus resulted in decreased inflammation and pathology (Fig. 5A ) and did not induce observable syncytium formation in alveoli at any time point observed (Fig. 6B) . The attenuated disease due to the F-K180Q virus is consistent with decreased virus replication in the lungs (Table 2) .
DISCUSSION
To investigate how the membrane fusion activity, or fusogenicity, of the F protein influences infection and disease by Sendai virus in mice, two recombinant Sendai viruses were generated that contained point mutations in the HRA region of the F protein. In vitro, an F-K180Q mutation was found to decrease F protein expression, cleavage, and fusogenicity, thereby decreasing Sendai virus replication kinetics. Mice infected with the F-K180Q virus had less severe disease symptoms than mice infected with wild-type virus. Attenuated disease symptoms in F-K180Q-infected mice included lower virus titers in lungs, earlier clearance of infection from the lungs, less extensive inflammation and necrosis in the lungs, no observable syncytial cells in alveolar spaces, less weight loss, and higher MLD 50 values. In vitro, an F-L179V mutation was found to significantly increase F-mediated syncytium forma- Starting at day 7 postinfection, the rate of clearance of F-L179V virus from the lungs was lower than that of wild-type virus. Moreover, mice infected with wild-type virus started to regain weight after 7 days, while mice infected with F-L179V virus continued to lose weight until approximately day 10, after which they either recovered or succumbed to disease. On days 8 and 10 postinfection, interstitial inflammation and necrosis induced by the F-L179V virus were much more extensive than Pathologies in the lungs of mice infected with wild-type and F-L179V virus were similar in character. There was peribronchiolar cuffing by lymphocytes and plasma cells, airway epithelial necrosis that progressed to hyperplasia, interstitial (alveolar) necrosis, and syncytial cell formation on day 10 postinfection. A major difference between lungs infected with wild-type or F-L179V virus was that pathology due to F-L179V involved more of the total lung tissue than in wild-type virus infection. Thus, the total number of syncytial masses on day 10 postinfection was much greater in the lungs of animals infected with the F-L179V virus. In lungs of mice infected with the F-K180Q virus, there was much less extensive inflammation and necrosis, and no syncytial masses were observed at any time point. Scale bar, 50 m. greater than in animals infected with wild-type virus. The more extensive disease caused by the F-L179V virus ultimately resulted in a significantly lower MLD 50 value than for the wildtype virus. The data for the F-L179V virus show that increased fusogenicity by the F protein correlates with greater morbidity and mortality. Overall, the results provide evidence that the fusogenicity of the F protein modulates the virulence of Sendai virus in mice by influencing the spread and clearance of infection and the extent and severity of inflammation. An L179V mutation in the HRA region of the Sendai virus F protein has been shown previously to increase the membrane fusion activity of plasmid-expressed F protein by decreasing the energy required to initiate F protein refolding (37) . During membrane fusion, the spring-loaded HRA region refolds from a crumpled-down, 11-segment structure consisting of ␣-helices and ␤-strands and turns into the extended triple-stranded coiled coil that propels the fusion peptide into the target membrane and forms part of the hairpin structure that causes membrane fusion (75, 76) . These structural changes associated with the HRA region during refolding from prefusion to postfusion forms have been described in detail previously (37, 76) . Point mutations have also been identified that increase the membrane fusion activities of the PIV5, Newcastle disease virus (NDV), HPIV3, and measles virus F proteins. These mutations are located throughout the F protein in the F 2 subunit (21, 46) , in the fusion peptide (25, 51) , in the HRA region (27, 72) , between the heptad repeat regions (22, 57) , and in the HRB region (15, 45, 53) .
While naturally occurring mutations in the F proteins of various paramyxoviruses have been identified that cause increased membrane fusion activity, we are unaware of any previous studies that examine the effects of hyperfusogenic F protein mutations on virus replication and pathogenesis in vivo. Here, we report that an L179V mutation in the Sendai virus F protein results in increased membrane fusion activity and increased virulence in mice. In vitro, the F-L179V mutation was found to increase syncytium formation without altering F protein expression, F protein cleavage, or virus replication. In vitro, the W3A strain of PIV5 has been shown to induce greater cell-cell membrane fusion than the SER strain; however, the rates of virus-cell membrane fusion were found to be similar for both strains of PIV5 that cause different levels of cell-cell membrane fusion (10) . Thus, there may be a threshold level of F-protein fusogenicity required for efficient virus entry and replication, and an increase in F-protein fusogenicity above the threshold may provide no growth advantages or disadvantages in vitro. It is unknown whether a selective pressure exists that prevents the Sendai virus F protein from acquiring greater fusogenicity in vivo. Perhaps increased morbidity and mortality induced by a hyperfusogenic virus, such as the F-L179V virus, would ultimately result in decreased transmission between animals. Alternatively, hyperfusogenic mutations that decrease the energy required to initiate irreversible refolding by the F protein could potentially decrease the environmental stability of Sendai virus, thus leading to reduced transmission.
Two other features of the Sendai virus F gene have been previously discovered that prevent the virus from attaining maximum growth and virulence in mice. Unlike other parainfluenza viruses such as PIV5 and HPIV3 (43, 60), the Sendai virus F protein has a monobasic cleavage site at residue R116 that requires the presence of extracellular protease for cleavage of the F 0 precursor protein into its fusion-active F 1 -F 2 form (24, 55) . Tryptase Clara secreted from respiratory epithelial cells cleaves wild-type Sendai virus F protein in the lungs of mice (32, 64, 69) . For the Sendai virus variant F1-R that was isolated from persistently infected tissue culture cells (66) , F protein mutations that permit cleavage by more ubiquitously expressed proteases were found to support greater tissue tropism and increased pathogenicity in mice (65) . Another naturally occurring mechanism of Sendai virus attenuation is the presence of a nonconsensus gene start signal upstream of the F gene that decreases the reinitiation capacity of the viral polymerase, resulting in decreased expression of the downstream F, HN, and L genes (31) . Mutation of the gene start sequence upstream of the F gene (AGGGATAAAG) to the more efficient sequence that is found upstream of the P, M, and HN genes (AGGGTGAAAG; mutated residues are in boldface) has been shown to increase the rate of Sendai virus replication in vitro and result in increased morbidity and mortality in mice (31) .
In general, an important role for the F protein in the sustained transmission of paramyxoviruses is implied by the downregulation of F protein expression by numerous paramyxoviruses. The rubulavirus PIV5 and the respiroviruses HPIV1 and HPIV3 have been shown to downregulate F protein expression by readthrough transcription at the M-F gene junction, decreasing F mRNA products by more than 50% (5, 48, 59) . Measles virus and canine distemper virus (CDV) have also been shown to downregulate F protein expression by having long untranslated regions (UTR) between the M and F genes (1, 6, 61) . For these two morbilliviruses, decreased F protein expression inhibits virus replication and reduces cell-cell fusion. In CDV, replacement of the long M-F UTR with the shorter N-P UTR has been shown to increase F protein expression, virus replication, cell-cell fusion, and F protein incorporation into virions while simultaneously decreasing pathogenicity in ferrets (1) . The virulence of CDV in ferrets involves infection in the central nervous system after 14 days of infection, and this occurs only after extensive spread of the virus through lymphatic and epithelial tissues (50, 70) . In the case of the mutant CDV with a shorter M-F UTR, increased F protein expression may increase recognition of the virus by the host immune system, thereby promoting earlier virus clearance, less dissemination, and less virulence.
While wild-type Sendai virus infection is an acute infection restricted to the respiratory tract in immunocompetent mice, the virus can persist longer and disseminate to the spleen, pancreas, kidney, liver, brain, and blood in cortisone-and cyclophophasmide-based immunosuppressed mice (39) . Persistent and systemic infection by HPIV3 has also been observed in immunosuppressed children (13, 18, 19) . It is unknown whether syncytium formation promoted by the F protein contributes to the high morbidity and mortality of parainfluenza virus infection in the immunocompromised (26, 36) . Syncytial cell masses have been observed in the bronchiolar and alveolar spaces of immunocompromised children who have succumbed to HPIV3 infection (12, 14) . In the immunocompetent mice in the present study, syncytial cell masses in the alveolar spaces were observed after 10 days of infection with wild-type Sendai virus but not at 8 days or earlier. Thus, it is unclear in the mouse model system whether the formation of giant cells directly causes disease in vivo or is a side effect of unknown consequence.
An understanding of how the F protein contributes to respiratory paramyxovirus disease may have important implications for the treatment of infection with antiviral drugs. If F proteinmediated syncytium formation is a direct inducer of enhanced inflammation and morbidity, then F protein inhibitors may provide a double advantage of decreasing both virus replication and syncytium formation. For human respiratory syncytial virus (HRSV), the humanized monoclonal antibody palivizumab, which is directed against the F protein, has been shown to reduce the risk of hospitalization due to lower respiratory tract infection by HRSV (42) . Thus, the proof of principle has been established that an F protein inhibitor can be an effective therapeutic. Peptide inhibitors of the F proteins of HRSV and other respiratory paramyxoviruses have also been described (35, 74) . These peptides block membrane fusion by binding to the triple-stranded coiled coil formed by the HRA region in a prehairpin conformation of the F protein (52, 53) . Small-molecule mimetics of the HRSV peptide inhibit virus replication by binding to a prominent cavity formed by conserved HRA residues (8) . The Sendai virus residues that were mutated in the present study, L179 and K180, are located in the corresponding cavity of the Sendai virus F protein. It is unknown whether the widespread use of fusion inhibitors in the clinic could potentially select for resistance mutations that cause increased F protein refolding and increased membrane fusion, resulting in mutant viruses that could perhaps induce greater disease in vivo. Resistance to a small-molecule inhibitor of the HRSV F protein has been mapped to a K394R mutation outside of the drug-binding pocket in the HRA region (9) . While this mutation may alter the kinetics of accessibility of the HRA coiled coil in the short-lived prehairpin intermediate conformation of the F protein, it is unknown if the mutation increases the membrane fusion activity of the HRSV F protein. Future studies of the clinical effectiveness of F protein inhibitors and of the medical consequences of potential resistance mutations will be needed to evaluate both benefits and risks of this type of antiviral therapy.
